The molecular mechanism of enzyme (phenylalanine ammonia-lyase; EC 4.3.1.5) formation mediated by phytochrome in mustard seedlings was investigated by labeling the enzyme with deuterium followed by high resolution CsCI density gradient analysis. A favorable relationship between induced rise of activity and turnover of this short-lived enzyme (half-life 3-4 hr) was achieved by labeling pre-irradiated seedlings. The time course of deuterium incorporation during the light-mediated rise in enzyme activity that can be derived independently from density shifts and bandwidth changes demonstrates a stimulation of synthesis and degradation by phytochrome. When synthesis is faster than degradation, enzyme accumulates.
Labeling in vivo with a heavy isotope (15N, 180, or 2H) followed by isopycnic density gradient centrifugation (1, 2) is a powerful method for direct investigation of the mechanism of enzyme formation. In the past a displacement towards higher density of the enzyme obtained from cells supplied with label during an experimentally induced rise of enzyme activity has been generally considered as evidence for the initiation of enzyme synthesis de novo (3) (4) (5) (6) (7) (8) (9) . In higher organisms, however, the situation is usually complicated by the occurrence of enzyme turnover (10) (11) (12) and by the existence of a significant basal amount of enzyme in the unstimulated tissue that is not necessarily related to the inducible pool (13) . Dilution of label through amino acid metabolism (12) is a further limitation of the method, especially if a tissue with extensive protein turnover is being labeled with 2H20, a heavy isotope precursor that is useful in other respects.
In the present paper we are studying a system that is typical for enzyme formation in higher organisms, including the experimental difficulties encountered in its investigation. Light, acting through the physiologically active form of phytochrome (Pfr) , is a potent effector of enzyme formation in plants (14, 15) . The molecular mechanism(s) of the operationally defined (11, 14, 15) increase in assayable enzyme activities ("enzyme levels") is currently a matter of intense investigation and debate in several laboratories (16) (17) (18) (19) (20) (21) (22) (23) . In contrast to other enzymes, contradictory conclusions have been reached by different laboratories for Pfr-mediated induction of phenylalanine ammonia-lyase (Phe NH3-lyase, EC 4.3.1.5), an electrophoretically homogeneous (24) key enzyme of phenylpropanoid biogenesis in plants (25) .
On the basis of density labeling experiments with 2H20, Attridge et al. (21) MATERIALS AND METHODS The experimental materials, including the batch of mustard (Sinapis alba L.) seeds and germination procedures, are described elsewhere (18) . Far-red light (3.5 W.m-2) was obtained from a standard source establishing a photostationary state of phytochrome with a few percent Pfr in the mustard seedling (14, 26) . Light of 756 nm (7.0 Wm-2) was obtained using a Schott AL interference filter (photostationary state of phytochrome approximately 0.1% Pfr; ref : 27) . Enzyme extracts were prepared from 25 pairs of cotyledons using 6 ml of borate buffer. Aliquots (1.5 ml) containing equal amounts of protein (1.5 mg) and 1-8 pkat of enzyme activity were subjected to isopycnic density gradient centrifugation in a fixed-angle rotor at 110,000 X g for 36 hr using flgalactosidase from Escherichia coli as a density marker (1.3000 kg liter-') (18) . (A katal is the amount of activity that converts 1 mole of substrate per sec.) Unlabeled controls were always processed in parallel. Phe NH3-lyase activity was assayed as described (18, 19) . Density values were calculated from refractive index measurements and corrected according to the position of the marker. 
RESULTS
Timing of the light response in 2H20 and water As in related investigations (8, 18, 21) , continuous irradiation with far-red light was used to produce a sizable enzyme increase within a short period of time. This light quality is generally considered to act exclusively via phytochrome (26) . To achieve a favorable relationship between the minimum length of the labeling period (determined by the rapidity and size of the response) and the extent of labeling by basal turnover (determined by the half-life of the enzyme), we adopted the following experimental program ( Fig. 1 ): 36-hr-old dark-grown seedlings were irradiated for 4 hr with far-red light. This pre-irradiation permanently overcomes the lag phase of Phe NH3-lyase induction (26) and raises the enzyme level to about six times the dark level. Pre-irradiated seedlings were transferred to 70 atom % of 2H20 (or water) and returned to far-red light for various lengths of time. For dark controls, pre-irradiated seedlings were first treated with a saturating (5 min) pulse of 756-nm light to convert nearly all of the remaining Pfr back to Pr, the inactive form of phytochrome (19) , and then transferred to 2H20 (or waster) and placed in darkness. It has been shown (26) that the increase of enzyme activity rapidly ceases after Pfr has been eliminated from the tissue. Fig. 1 shows that the increase of enzyme activity in 2H20-treated seedlings resumes the rate of the water controls after about 3 hr in far-red light. In With these considerations in mind we analyzed the kinetics of the density shift and the bandwidth change caused by 70 atom % of 2H20 in cotyledons of pre-irradiated seedlings over a period of 12 hr in far-red light and darkness. Enzyme profiles of a typical set of experiments are shown in Fig. 2 . Due to the nonlinearity of the CsCl gradient established by centrifugation in a fixed-angle rotor, the profiles display some asymmetry which can be removed by plotting enzyme activity against CsCI density rather than against fraction number. Displacement and width of bands can be most accurately determined from a probit plot of the change in profile area (12) . By this plot a gaussian distribution is converted into a straight line with an intersection at probit 5 (50 % area, equal to the peak position) and a steepness that is related to the bandwidth. Typical sets of data documented in this way are shown in Fig. 3 . An increased bandwidth (see Fig. 3a , 2H20, darkness) of an enzyme profile compared to the water control is indicated by a reduction in the steepness of the linearized distribution. Density shifts and bandwidth changes during the course of light induction of Phe NH3-lyase activity in pre-irradiated seedlings, together with the dark controls, are compiled in Table 1 . In Fig. 4 the kinetics of these changes are plotted on a relative scale. In agreement with earlier results (18) , labeling of the enzyme approaches the physiological saturation level available under the particular conditions of our experiments after about 12 hr of incubation in both light and darkness. At this point in time the period of increased bandwidth is surpassed under both regimes, indicating the exchange of virtually all unlabeled enzyme molecules by newly synthesized ones. In accordance with the time course of the average density increase (density shift, Fig. 4a ) there is a significantly enhanced progression of the enzyme population through a state of maximal heterogeneity (maximal bandwidth) in far-red light (Fig. 4b) . 
DISCUSSION
Theoretically, the labeling of a protein by 2H from 2H20 can be limited by its rate of turnover or the rate of 2H incorporation into relevant amino acid pools. Only if amino acid labeling is significantly more rapid than protein turnover, heterogeneously labeled protein molecules will be detectable by the bandwidth test. Thus, while the time course of the density shift (Fig. 4a ) alone permits no decision with respect to the rate-limiting (i.e., controlling) step in Phe NH3-lyase labeling, the time course of the bandwidth increase (Fig. 4b) timated to be about 2 and 4 hr in light and darkness, respectively (Fig. 4) . Therefore, we conclude that phytochrome increases the rate of synthesis de novo, which is consequently accompanied by an increased rate of degradation. The induced rise of Phe NH3-lyase activity has to be attributed to the fact that synthesis greatly exceeds degradation. For theoretical reasons, one cannot exclude the existence of modification ("activation") steps in the sequence of events leading from the completed polypeptide chains of Phe NHs-lyase subunits to the active tetrameric enzyme which contains dehydroalanine in its prosthetic group (30) . It can be concluded, however, that post-translational steps of enzyme processing are obviously not rate-limiting for the appearance of enzyme activity in lightstimulated mustard seedlings or parsley cells (19) . While there appears to be no experimental approach to eliminate the assumption that phytochrome simultaneously mediates both an increase of enzyme polypeptide synthesis and the capacity of a subsequently operating activation mechanism (or similar complex mechanisms; ref. 31 
